Abstract -The objective of this work was to evaluate the influence of intercropping 'Conilon' coffee (Coffea canephora) with rubber trees on coffee tree microclimate, nutrition, growth, and yield. Rubber trees were planted in two double rows 33 m apart, with 4x2.3 m spacing between plants. Treatments consisted of the distances from the coffee plants to the rubber trees: 3, 6, 9, 12, and 15 m. Measurements of atmospheric variables (temperature, irradiance, and relative humidity), leaf nutrient concentration, internode length of plagiotropic and orthotropic branches, individual leaf area, chlorophyll content, and yield were performed. Intercropping promotes changes in the microclimatic conditions of coffee plants close to rubber trees, with reduction of temperature and irradiance level and increase in air relative humidity. The proximity of the coffee tree to the rubber trees promotes the elongation of the plagiotropic and orthotropic branches and increases the individual leaf area; however, it does not affect leaf concentrations of N, K, Mg, Fe, Zn, and B in 'Conilon' coffee and does not have a negative impact on yield.
Introduction
Coffee evolved in African forest understories and, therefore, has been traditionally considered a shade-requiring species. Even so, adequate management may allow its cultivation under full sun, frequently achieving higher yields than shaded coffee crops (DaMatta, 2004) . In this way, it could be assumed that coffee tree has the necessary phenotypic plasticity to acclimate to contrasting light environments (Matos et al., 2009) .
However, since excessive shading may lead to a decrease in coffee bean yield, the level of shading and the species that provide it are of utmost importance.
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The cultivation of coffee intercropped with other tree species has some advantages compared to the monocrop system, as it promotes yield stability by lowering strong variations in consecutive years, increases plant lifespan, and makes it easier to certify that the coffee is sustainable. Other advantages include: a decrease in the use of nitrogen fertilizers; an attenuation of the stress caused by temperature extremes, including frost; a reduction in transpiration flow, decreasing water use; and a greater carbon sequestration (Siles et al., 2010) . Coffee plants are able to acclimate to high levels of irradiance by triggering photoprotection and antioxidant mechanisms and by reinforcing photosynthetic machinery components, as long as the plant has an adequate supply of nitrogen (Ramalho et al., 1998) . However, it is often reported that high irradiance hampers photosynthesis in coffee leaves, with higher net photosynthesis observed on cloudy days (Ronquim et al., 2006) . In fact, the average yield of 12 year old agroforestry systems, which also provide environmental mitigation, may be 43% greater than that of full-sun crops, compensating for the higher cost of establishing the agroforestry system (Souza et al., 2012) .
Coffee crops are often subjected to high temperatures in the summer, sometimes exceeding 38ºC during the critical grain-filling stage (Partelli et al., 2010 (Partelli et al., , 2013 . These conditions, combined with the occurrence of strong winds and high evapotranspiration rates, cause environmental stress for the crop, requiring different techniques to mitigate these problems. Along with the improvement in water conditions, the obtained benefits result in an increase in productivity, a reduction in yield costs, and in a valuable addition to the coffee crops in some marginal regions (Lin, 2007) . Therefore, the microclimate provided by trees in an agrosystem and its impact on coffee trees is important for this crop's management and viability.
The objective of this work was to evaluate the influence of intercropping 'Conilon' coffee with rubber trees on coffee tree microclimate, nutrition, growth, and yield.
Materials and Methods
The research was conducted between January 2012 and May 2014 on a rural property in the municipality of Jaguaré, in the state of Espírito Santo, Brazil (18º56'S, 39º58'W, at 70 m altitude). The climate is Aw, warm tropical, according to Köppen. The experimental area was plane, with an average annual temperature of 23.3ºC, an average annual precipitation of 1,200-1,300 mm, and a rainy period from October to January. The soil is classified as a Latossolo Vermelho-Amarelo (Typic Hapludox) with a loamy sand texture (Santos et al., 2013) . The soil was sampled in January 2012 with the aid of a soil probe, below the coffee tree canopies, and had the following characteristics in the 0-20 cm layer: pH 6; 27 mg dm -3 P; 45 mg dm -3 K; 7 mg dm -3 S; 2 cmol c dm -3 Ca; 0.4 cmol c dm -3 Mg; 0 cmol c dm -3
Al; 2 cmol c dm -3 H+Al; 2 dag kg -1 organic matter; 87 mg dm -3 Fe; 14 mg dm -3 Zn; 2 mg dm -3 Cu; 24 mg dm -3 Mn; 0.38 mg dm -3 B; 19 mg dm -3 Na; 4,6 cmol c dm -3 effective cation exchange capacity; and base saturation index of 56.5%. The analyses were performed in a laboratory using the method described by Silva (2009) .
The experiment was performed in a 'Conilon' coffee (Verdebras G35) crop (Coffea canephora Pierre ex A. Atmospheric variables (irradiance, temperature, and air relative humidity) were assessed considering five treatments, according to the distances from the rubber tree rows: T1, 3 m; T2, 6 m; T3, 9 m; T4, 12 m; and T5, 15 m, on both the north and south sides of the coffee plant rows for a better microclimate characterization. Microclimatic monitoring and characterization were performed in two seasons of the year, with data collection on January 27 and 28 (summer) and on September 12 and 13 (winter) of 2012, between 06:00 and 19:00 hours (local time).
During this time, the apparent movement of the sun was close to 1º North in summer and to 21º North in winter. The measurements included irradiance, temperature, and air relative humidity and were performed using HOBO U12 external data logger devices (Onset HOBO Data Loggers, Bourne, MA, USA), placed at a 3 m height above the coffee tree rows. The instruments were placed in the central part of the crop, at 45 m from the first coffee tree, to minimize external influences, with a 5 m spacing between data loggers. Three data loggers were placed in each row, resulting in three replicates, and were programmed to record data every 10 min.
The growth characteristics of the coffee trees in the crop were assessed simultaneously with the microclimate measurements. The number of nodes was quantified, and the lengths of orthotropic branches, of plagiotropic branches with fruits, and of plagiotropic branches without fruits were measured. A total of 20 plants were assessed for each treatment -ten plants on the north side and ten on the south side of the coffee tree rows. The average internode length (etiolation) was obtained by dividing branch length by the number of nodes. For the branches with fruits (old branches), the distance between the nodes with coffee fruits and the branch type without fruits was also measured. The measurement of branches without fruits (young branches) consisted of the entire branch, and the orthotropic branch was measured from the youngest branch without coffee fruits to the tip of the orthotropic branch.
The coffee bean yield of three years (2012, 2013, and 2014) was evaluated in order to overcome the effect of yield variation between consecutive years. Coffee seeds were collected manually on May of 2012, 2013, and 2014 , when approximately 80% of the fruits were ripe. Three plants were sampled in each of the four plots, with a total of four replicates per treatment. The average coffee seed yield was quantified in liter per plant and extrapolated to kg ha -1 . The average ratio obtained for this crop, of 5.33 L of mature fruit per kilogram of processed coffee seed, was used.
For both seasons, sampling also included an estimation of the amounts of chlorophyll a and b, as well as of the total chlorophyll concentration of the leaves in the plant's mid-upper third, with 20 leaves per treatment. The third and fourth pairs of leaves were sampled with an electronic chlorophyll meter, model CFL 1030 (Falker Automação Agrícola Ltda., Porto Alegre, RS, Brazil). Sixty leaves per treatment were also collected for nutrient analysis and measurement of individual leaf area. Leaf area was estimated according to Partelli et al. (2006) . Leaf nutrient analysis was performed in triplicate only in summer.
The hypothesis of equality of the sampled variables between the treatments was tested using analysis of variance. Tukey's test was used for mean comparison at a 95% confidence level. Descriptive statistics were also used for microclimate data, including irradiance, temperature, and air relative humidity.
Results and Discussion
The level of irradiance was linked to the distance of the coffee rows to the rubber trees, with lower irradiance values in the coffee plants closer to the rubber tree rows (Figure 1 ). Also, those levels changed throughout the day, with the season and with the direction of shading (north or south). Regarding the time of year, irradiance at the leaf level was higher on the north side in summer, especially in the morning. Irradiance values also varied during the day. For instance, in summer, an average cumulative daily difference of 729 mmol m -2 s -1 was found between treatments T1 (3 m) and T5 (15 m), with the highest irradiances registered in the morning on the north side. In winter, the irradiation variation pattern was similar for the coffee trees at higher distances from the rubber trees, but with clear effects for the T1 (3 m) to T3 (9 m) treatments. Actually, smaller irradiance values were measured close to the rubber trees (3 m) compared to those observed at 15 m, on the south side in the morning and on the north side in the afternoon. Also in winter, on the northern side, the irradiance values were similar up to 12:00 h, with no influence of rubber trees. Despite that, differences were observed in afternoon irradiance at leaf level, explaining why T5 had an average cumulative daily value 615 mmol m -2 s -1 higher than T1. However, on the southern side during winter, the cumulative daily value was 820 mmol m -2 s -1 higher in T5 when compared to T1; but this difference arises mostly from the morning sun exposure, when T1 to T3 received much lower irradiance, as there was little difference in irradiance after 15:00 h.
In coffee crops associated with other trees, coffee closer to these trees receives a lower amount of irradiance, since a large part of the incident light is captured by the tree canopies. This leads to changes in the microclimate near the trees, with a lower temperature and a higher relative air humidity (Pezzopane et al., 2011) . In studies with an interception of 40 to 50% of irradiation, the coffee plant growth, as well as the coffee bean maturation, yield, and size were not altered (Pezzopane et al., 2011) . Still, in agroforestry systems, the species C. arabica appears to experience limited stomatal conductance and availability of light for leaf photosynthesis under shading levels higher than 45% (Franck & Vaast, 2009 ). However, coffee crops associated with coconut tree (Cocos nucifera L.), macadamia nut (Macadamia integrifolia Maiden & Betche), banana tree (Musa sp.), and Inga densiflora Benth. underwent decreases of up to 80% in the total amount of solar radiation at the coffee plant level, with an attenuation of extreme temperature values (Siles et al., 2010) .
The highest temperature values were recorded in summer for the T5 treatment, whereas the lowest values were observed at T1 and T2, showing a decrease in air temperature at the level of coffee plants due to the presence of rubber trees (Figure 2) . In fact, maximal temperature values of 38.3ºC (11:30 h) and 38.4ºC (14:00 h), respectively, for the northern and southern sides, were found in T5. By the same time, the temperatures at T1 were 32.8 and 32.9ºC on the same order, showing differences of 5.5ºC on both sides in comparison to T5. In winter, the highest temperatures were recorded at 13:10 h on the northern side (37ºC) and at 14:40 h on the southern side (37.4ºC), both in T5. Conversely, the lowest temperatures that occurred at the same time were observed at T1, with 32.7 and 31.2ºC on the same order, and, therefore, with differences of 4.3 and 6.2ºC, respectively. The reduction of maximum temperatures in full exposed leaves found in the present study was within the range reported by other authors, between 2.2ºC in systems associated with macadamia nut (Pezzopane et al., 2010) and 10ºC in those with pigeon pea [Cajanus cajan (L.) Millsp.] (Morais et al., 2003) .
These reductions were mostly observed in the warmer months, during spring and summer, concomitantly to the critical phenological stages of flowering and fruiting and the greatest vegetative growth (Partelli et al., 2010 (Partelli et al., , 2013 . It is known that high temperature combined with high irradiation may hamper several leaf metabolic processes and increase the yield of highly reactive molecules of chlorophyll and oxygen, resulting in leaf damage (Ramalho et al., 1998; DaMatta & Ramalho, 2006) . In spite of this, photosynthetic tolerance in coffee plants was observed up to 33-35ºC, provided that the temperature increase was imposed gradually, allowing the plant to express acclimation features. In some cases, C. arabica plants might exhibit P n increases up to 35ºC, whereas, in others, C. arabica and C. canephora maintained the photosynthetic capacity (A max ) up to 37ºC (DaMatta & Ramalho, 2006) . These findings agree with the high coffee productivity found in tropical environments, where leaf temperature is often above 30ºC, particularly under full-sun crop management (DaMatta & Ramalho, 2006) .
Air relative humidity (RH) patterns were almost opposite to those observed for irradiance and air temperature. RH in summer on the northern side showed the highest and lowest values in T1 and T5, respectively, for most of the hours of the day (Figure 3) . Maximal difference was observed at 8:00 h (88.7% at T1 and 60.9% at T5), and the diurnal average difference reached 9.3%. On the southern side, the highest difference was observed at 8:00 h (84.2% at T1 and 65.8% at T5), although the diurnal average difference was only 4.7%. Similar trends were observed in winter, with a diurnal average difference of 7% on the northern side and of 9.3% on the southern side between the higher (T5) and lower (T1) distances from the coffee plants to the rubber trees. These values are close to the average 5% increase in atmospheric humidity reported for coffee crop intercropped with green-dwarf coconut trees (Pezzopane et al., 2011) . Furthermore, decreased temperature, allied to the maintenance of higher RH and lower wind speed, has the effect of reducing the water vapor deficit between leaf and atmosphere, decreasing the plant's water loss through transpiration (DaMatta, 2004) .
All branch types, in both seasons, showed significant increases in internode length in response to shading in T1 and T2 (Table 1) , as also verified by Ricci et al. (2006) for coffee plants. This process, known as etiolation, is related not only to the amount but also to the quality of light. In fact, after passing through the leaves from the canopies, the spectral distribution of solar radiation changed for the plants below, having an increased proportion of far-red relative to red wavelengths. This promotes the transformation of far-red phytochrome (P fr ) into red phytochrome (P r ), reducing the ratio between P fr and total phytochrome (P total ) (Morgan & Smith, 1979) .
Shading also caused a strong increase in individual leaf area, with maximum differences of 105% in summer and of 216% in winter between T1 and T5 (Table 1) . These results are in accordance with Ricci et al. (2006) , who observed increased leaf area in shaded C. arabica and C. canephora plants, when compared to full-sun exposed crops. Moreover, greater height growth, a smaller number of plagiotropic branches, and larger leaves were observed in shaded coffee (Morais et al., 2003) .
The amounts of chlorophyll a during both seasons, of chlorophyll b, and of total chlorophyll in summer did not differ between treatments (Table 1) . However, increases in chlorophyll b and total chlorophyll were found in winter, for coffee trees at a greater distance from the rubber trees. This was also reported for chlorophyll b by Gonçalves et al. (2007) for less shaded leaves, which would be linked to the development of thicker leaves, if the pigment content is expressed in area bases (Senevirathna et al., 2003) . Therefore, leaves that develop in shaded environments usually have a larger amount of total chlorophyll per unit mass to enhance their light absorption capacity (Feng et al., 2004) . Additionally, plants with phenotypic plasticity, as appears to be the case of coffee plants, exhibit an increase in the amount of chlorophyll and a decrease in ribulose 1,5 bisphosphate carboxylase/ oxygenase (Rubisco) in environments with a low amount of available radiation (Morais et al., 2004 The average yield of the three years (2012, 2013, and 2014) , higher than worldwide average values, was similar between the five groups of plants (Table 1) , agreeing with the results of Ricci et al. (2006) . At this point, it must be highlighted that rubber tree products provide a supplementary source of economic income.
Leaf concentrations of the macronutrients N, K and Mg, and of the micronutrients Fe, Zn and B were similar amongst distances to the rubber trees (Table 2) . Therefore, shading did not affect the availability of these nutrients to coffee plants. Similar findings have been reported for K and Mg in shaded coffee systems, but with higher N concentrations (Ricci et al., 2006) . The obtained values for leaf macro-and micronutrients can be considered close to adequate in C. arabica and C. canephora (Bragança et al., 2007 (Bragança et al., , 2008 Ramalho et al., 2013; Martins et al., 2014) , although the Figure 3 . Daily mean relative humidity values in 'Conilon' coffee (Coffea canephora) intercropped with rubber trees (Hevea brasiliensis) in summer on the northern (A) and southern (B) sides of the coffee tree rows and in winter on the northern (C) and southern (D) sides. T1, coffee row at 3 m; T2, coffee row at 6 m; T3, coffee row at 9 m; T4, coffee row at 12 m; and T5, coffee row at 15 m from the rubber trees. Each value represents the mean (n=3). levels of N, Mg, S, Fe, and Cu might be considered somewhat below the one considered optimum for C. canephora 'Conilon' (Bragança et al., 2007 (Bragança et al., , 2008 . Higher concentrations of Fe and B have also been found in coffee monocultures compared to agroforestry systems (Campanha et al., 2007) .
P concentration was lower in the row closest to the rubber trees (Table 2) , contrary to what has been observed in other studies, which did not detect a significant difference in the amount of P between the shaded system and the monoculture (Ricci et al., 2006; Campanha et al., 2007) . The amount of S was lowest in T1, but only when compared to T4. However, Ca and Mn contents were higher in T1, especially with regard to the latter element, which exhibited a 59% increase when compared to T5. Calcium is indispensable for the integrity of the cell plasma membrane and also plays an important role in cell signaling. Its increase in shaded systems has also been observed by Campanha et al. (2007) , in comparison to monoculture systems. Concerning Mn contents, a higher leaf content of this mineral was obtained in the plants closer to the rubber trees (T1), that is, in those plants that received lower irradiance levels, diverging from reports of a higher Mn value under conditions of higher irradiance (Campanha et al., 2007; Gonçalves et al., 2007) . In addition, Mn has important biochemical roles, since it is an integral part of the antioxidant enzyme Mn-SOD and has a close association to the oxygen evolving complex in photosystem II (OEC in PS II), in which it is required for water splitting and O 2 evolution. Mn is also an activator of several enzymes, such as peroxidases and enzymes from N metabolism, decarboxylases and dehydrogenases in the Krebs cycle (Ramalho et al., 2013 . Therefore, its increase above adequate levels (Bragança et al., 2007) in the T1 shaded plants may play an important metabolic role. (1) Means followed by equal letters, in the columns, do not differ by Tukey's test, at 5% probability. T1, coffee row at 3 m; T2, coffee row at 6 m; T3, coffee row at 9 m; T4, coffee row at 12 m; and T5, coffee row at 15 m from the rubber trees. (1) Means followed by equal letters, in the columns, do not differ by Tukey's test, at 5% probability. T1, coffee row at 3 m; T2, coffee row at 6 m; T3, coffee row at 9 m; T4, coffee row at 12 m; and T5, coffee row at 15 m from the rubber trees. PBWF, plagiotropic branches with fruits; TPPB, tip of the productive plagiotropic branches; YPB, young plagiotropic branches; and OB, orthotropic branches.
